Abstract -To maximize the performance of a photovoltaic device, light trapping is necessary. In this paper, we theoretically investigate the effect of active layer thickness on the performance of organic photovoltaic (OPV) cells with ideal light trapping. Although actual light trapping schemes are not ideal, this paper can still be useful in guiding us in maximizing the performance of actual OPVs with light trapping. The effect of active layer thickness on the power conversion efficiency (PCE), short-circuit current, open-circuit voltage, and fill factor (FF) of OPVs with ideal light trapping is described in this paper. For a low-recombination-loss OPV with ideal light trapping, the active layer thickness weakly affects the PCE. For a highrecombination-loss OPV with ideal light trapping, the active layer thickness strongly affects the PCE and must be very thin (around 10 nm) in order to maximize the PCE. Therefore, this paper shows that it is important for OPVs to have a low recombination loss so that the active layer thickness does not become a hindrance or an additional factor in creating highly efficient light trapping schemes that can maximize the PCE. This paper also shows that it is equally (if not more) important to develop light trapping schemes that are highly efficient at very thin active layers (around 10 nm) so that the PCE of any OPVs can be more or less maximized, whether the OPVs have low or high recombination losses.
Influence of Active Layer Thickness on theother products, high transparency, and low production cost [1] . Thus, OPVs are seen as a suitable power source for many applications, from powering biomedical devices [2] to off-grid devices for the Internet of Things [3] . Improving the efficiency and reliability, reducing the production cost, and finding new applications are the goals of OPV research. To maximize the efficiency, light absorption by the active layer must be maximized.
Light trapping is the enhancement of light absorption by the active layer via enhancing light confinement inside the active layer. Many light trapping techniques have been proposed and demonstrated [4] , [5] . The uses of refractive structures [6] , textured/grated electrodes [7] [8] [9] , textured external surface [10] , apertures [11] , microlenses [12] , plasmonic nanoparticles [3] , [13] , and nanoantennas [14] have been studied to enhance light absorption. OPVs generally have active layer thicknesses that are significantly smaller than the wavelengths of absorbed light. With properly designed light trapping schemes, the absorption enhancement for photovoltaic devices in this nanophotonic regime can be substantially higher than the absorption enhancement outside the nanophotonic regime [15] .
Some of the incident light may be reflected away and some may be absorbed by the components above the active layer before the light reaches the active layer. Ideally, when light trapping schemes are employed, all the remaining photons (with energies within the absorption range of the active layer) that reach the active layer are absorbed by the active layer. Therefore, an ideal light trapping is defined here as an array of light trapping techniques that makes the light absorption by the active layer of an OPV to be independent of the active layer thickness.
Since the use of light trapping is necessary to maximize the performance of OPVs, it is, therefore, necessary to understand the effect of device parameters on the performance of OPVs with light trapping. The active layer thickness is one of the most basic parameters of an OPV. The effect of active layer thickness on the performance of OPVs without light trapping has been extensively studied and found to be significant [16] [17] [18] [19] [20] [21] . However, the effect of active layer thickness on the performance of OPVs with light trapping has never been investigated before. For OPVs with ideal light trapping, the active 0018-9383 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. layer thickness is possibly the most interesting parameter since the effect of active layer thickness on OPVs with ideal light trapping is expected to be vastly different compared with the effect of active layer thickness on OPVs without light trapping. As we reduce the active layer thickness of an OPV with ideal light trapping, the number of photons absorbed, and thus the number of excitons generated, is the same. Hence, the exciton density keeps increasing as we reduce the active layer thickness (and the volume) of an OPV with ideal light trapping. The situation is different for an OPV without light trapping where the number of excitons generated may increase or decrease as the active layer thickness is reduced [19] [20] [21] .
In this paper, we theoretically investigate the effect of active layer thickness on the performance of OPVs with ideal light trapping. The purpose of this paper is to determine and understand how the active layer thickness influences the performance of OPVs with ideal light trapping so that the results can be used to guide us in maximizing the performance of actual OPVs. This paper reveals information such as what are the conditions that lead to the maximum performance of OPVs when the light trapping is ideal. Although actual light trapping is not ideal, the results obtained from this paper can still be used to suggest appropriate actions that can be taken so that the performance of actual OPVs can be maximized as much as possible. Fig. 1 illustrates a schematic of the device structure. The analytical model for bulk heterojunction OPVs developed in [22] is used to calculate the current-voltage characteristics. Due to the bulk heterojunction design of OPVs, charge-transfer (CT) states are generated at approximately the same location where the excitons are generated. In the model in [22] , the CT state generation rate per unit volume is given by
II. PROCEDURES
where G 0 and α are the CT state generation properties and x is the position inside the active layer. Hence, the CT state generation rate per unit area of the active layer is
where L is the thickness of the active layer. To simulate the ideal light trapping condition, the value of G CT,area for a given OPV must be the same, independent of the active layer thickness. Here, we fix the value of α. Therefore, to ensure that the total number of CT states generated inside a given OPV is independent of the active layer thickness, the value of G 0 that should be used in each calculation is given by Table I shows the values of the parameters used in our calculations, where the parameter symbols are the same as used in [22] unless stated here. In [22] , the model in [23] is used to calculate the CT state dissociation. According to [23] , the actual electron (hole) mobility is the actual mobility that the electrons (holes) possess when traveling inside the acceptor (donor) pathway. Furthermore, [23] argued that due to the random directions of the CT states, the electric field is not fully utilized to dissociate the CT states, and this fact is represented by a parameter denoted λ. The value of G CT,area used in this paper is just an approximate value. If the light trapping schemes are not only ideal but also a higher percentage of the absorbable incident light is allowed to reach the active layer, then the value of G CT,area would be higher. To calculate the power conversion efficiency (PCE), we take the light irradiance to be 1000 W · m −2 .
In this paper, we consider three devices. All three devices have the same parameter values except the parameter for the nongeminate monomolecular (trap-assisted) recombination, where the values of the monomolecular recombination coefficient for electrons k mn used are 0 s −1 for device A, 100 s −1 for device B, and 1000 s −1 for device C. Obviously, device A is more efficient (i.e., less recombination loss) than device B, whereas device B is more efficient than device C. Note that the nongeminate monomolecular recombination rate for holes is the same as the nongeminate monomolecular recombination rate for electrons [22] .
III. RESULTS AND DISCUSSION
To illustrate the difference between devices A, B, and C, Fig. 2 shows the current-voltage characteristics of the three devices at active layer thickness L of 100 nm. Fig. 3(a) shows the PCEs of the three devices as functions of L. As expected, at any given L, device A has a higher PCE than device B (since device A is more efficient than device B), whereas device B has a higher PCE than device C. What is interesting is the way the PCEs of the three devices behave as functions of L. For device A, the PCE slowly increases as L is decreased until a peak PCE (7.836%) and the corresponding optimum L (60 nm) is reached, and then the PCE slowly decreases as L is further decreased. For device B, the PCE as a function of L is similar as for device A. However, the PCE of device B increases more rapidly than the PCE of device A as L is decreased down to the optimum L, and then the PCE of device B decreases more slowly than the PCE of device A as L is further decreased. For device B, the peak PCE is 7.793% and the optimum L is 30 nm. For device C, the PCE increases rapidly as L is decreased, and the peak PCE together with the corresponding optimum L disappear.
To explain the trends of the PCEs of the studied devices as functions of L, Fig. 3(b)-(d) show the magnitude of the shortcircuit current density |J sc |, the open-circuit voltage V oc , and the fill factor (FF), respectively, as functions of L. When L is decreased, both |J sc | and FF increase but V oc decreases (except V oc of device C at L > 120 nm). A peak PCE exists because as we decrease L down to the optimum L, the combined increase in |J sc | and FF is more significant than the decrease in V oc , and this leads to an increase in the PCE, and then, as L is further decreased below the optimum L, the decrease in V oc is more significant than the combined increase in |J sc | and FF, and this leads to a decrease in the PCE. On the other hand, a peak PCE can be absent (as for device C), and this is because as L is decreased, the combined increase in |J sc | and FF is always more significant than the decrease in V oc .
The reason why |J sc | and FF increase as L is decreased is relatively simple to understand. The average electric field across the active layer is given by [22] , [24] 
where V a is the applied voltage and V bi is the built-in voltage. It can be seen from (4) that a lower L creates a higher magnitude of the electric field inside the active layer, which means the charge carriers can be extracted more efficiently, and this increases |J sc | and FF. However, the reason why V oc generally decreases with decreasing L is not straightforward. In OPVs, the nongeminate recombination (which can be monomolecular and bimolecular) and the diffusion current are detrimental to V oc and the device performance in general. A higher nongeminate recombination increases the loss of charge carriers, and thus reduces the usable electric current, and this means the open-circuit condition would occur at a lower voltage. The diffusion current flows opposite to the desired direction, and hence, a higher diffusion current also reduces the usable electric current and V oc . For example, electrons in the active layer accumulate near the cathode [25] , [26] , and therefore, the electrons would try to diffuse toward the anode, which is toward the unwanted direction.
To explain why V oc decreases with decreasing L, we compare the average diffusion current density J diff and the average nongeminate recombination rate per unit volume R n-g at applied voltage of 0.68 V for device B at two different active layer thicknesses, namely, L = 100 nm and L = 30 nm. J diff is defined here as the sum of the diffusion current density at each position inside the active layer divided by L and, therefore, is given by
where J diff is the diffusion current density inside the active layer. R n-g is defined in the same way and, therefore, is given by
where R n−g is the nongeminate recombination rate per unit volume inside the active layer. Note that for device B with L = 100 nm and L = 30 nm, 0.68 V is somewhere between the maximum power point and V oc .
For L = 100 nm case, J diff is 2.75 ×10 5 A·m −2 , whereas R n-g is 6.42 × 10 27 m −3 s −1 . For L = 30 nm case, J diff is 9.18 × 10 5 A · m −2 , whereas R n-g is 4.63 × 10 27 m −3 s −1 .
The calculations show that as we reduce L, the nongeminate recombination decreases. This can be understood from the fact that a lower L increases the magnitude of the electric field, which increases the ease for the charge carriers to be extracted, which in turn, reduces the charge carrier densities inside the active layer, and thus reduces the nongeminate recombination. However, the calculations show that the diffusion current increases as L is decreased. The increase in the diffusion current is because the magnitudes of the electron and hole density gradients (which are the driving forces for the diffusion current) increase as L is decreased. Therefore, the decrease in V oc as L is decreased is due to the increase in the diffusion current. IV. CONCLUSION We have theoretically investigated the effect of active layer thickness L on the performance of bulk heterojunction OPVs with ideal light trapping. As L is decreased, the increase in the magnitude of the electric field increases the charge extraction performance, and this leads to an increase in |J sc | and FF and a decrease in the nongeminate recombination. A lower L also decreases V oc which is due to an increase in the diffusion current. For a low-recombination-loss OPV with ideal light trapping, there is an optimum L that gives a peak PCE. As the recombination loss of an OPV with ideal light trapping increases, the PCE at any given L decreases, the optimum L decreases, and finally, the optimum L together with the corresponding peak PCE will disappear if the recombination loss is too high. The variation in the PCE as L is varied is small for a low-recombination-loss OPV with ideal light trapping, and the variation becomes larger as the recombination loss of an OPV with ideal light trapping increases. The difference between the PCE of a low-recombination-loss OPV with ideal light trapping and the PCE of a high-recombinationloss OPV with ideal light trapping is small at very low L (around 10 nm), and the difference increases as L is increased. The results demonstrate that L is not an important factor in maximizing the PCE of an OPV with ideal light trapping if the recombination loss of the OPV is very low, whereas L must be very thin (around 10 nm) in order to maximize the PCE of an OPV with ideal light trapping if the recombination loss of the OPV is high. Therefore, this paper shows that it is important to reduce the recombination loss of an OPV to a low level so that L does not become an additional factor or a hindrance in creating highly efficient light trapping schemes that can maximize the PCE of the OPV. This paper also shows that it is equally (if not more) important to develop light trapping schemes that are highly efficient at very thin active layers (around 10 nm) so that the PCE of any OPVs can be more or less maximized, whether the OPVs have low or high recombination losses.
